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While much is known about the human papillomavirus (HPV) productive cycle, the mechanisms of virion transmission from
person to person are poorly understood. The keratinocyte is the target cell of HPV infection. As keratinocytes differentiate,
nuclei are lost and the cornified cell envelope develops. Layers of these desquamated cornified cells (DCCs) are continuously
shed from the stratum corneum. Release of HPV requires the cornified cell envelope, a normally very durable structure, to
break apart, liberating the contents of the cell. In differentiated keratinocytes infected with HPV 11, the cornified cell envelope
is abnormally thin and fragile. In this study, DCCs from HPV 11-infected genital epithelium were used to investigate the
mechanisms of viral transmission. First, HPV 11-infected tissue was examined for the presence of virions by transmission
electron microscopy. Virions were observed in the nuclei of differentiated keratinocytes. In addition, virions were detected
in the cytoplasm of DCCs that had undergone nuclear dissolution. Rarely, virions were observed outside of cells. Next,
infectivity of intact and ruptured DCCs was tested in an assay performed in the athymic mouse xenograft system. High-titer
cesium chloride gradient-purified HPV 11 virions infected 100% of recovered xenografts. Using intact DCCs derived from HPV
11-infected tissue, 62.5% of recovered xenografts were infected. To test the effects of mechanical stress on infectivity, DCCs
were ruptured by sonication and used in the infectivity assay. The infectivity rate increased to 90%. We conclude that DCCs
serve as vehicles for efficient, concentrated delivery of virions in HPV 11 infection. © 2001 Academic PressINTRODUCTION
Human papillomaviruses (HPVs) infect human epi-
thelial tissue, causing a range of disease states in-
cluding common warts, condylomata acuminata, and
dysplastic lesions of the uterine cervix (zur Hausen
and de Villiers, 1994; zur Hausen, 1999). Approximately
100 HPV types have been identified, about one-third of
which infect genital epithelial surfaces. While much is
known about the HPV productive cycle, the mecha-
nisms of virion transmission from person to person are
not well understood. The HPV productive cycle is in-
timately associated with epithelial differentiation. The
keratinocyte is the target cell of HPV infection. The
virus presumably infects the basal layer of keratino-
cytes. Early viral gene expression occurs in the basal
and lower spinous cell layers, with vegetative viral
DNA replication and late gene expression in the upper
spinous and granular cells layers (Stoler et al., 1990,
1992). Viral packaging occurs in koilocyte nuclei in the
stratum granulosum and stratum corneum (Almeida et
al., 1962; Hills and Laverty, 1979).
As keratinocytes differentiate, a number of proteins
are expressed that become cross-linked just inside
1 To whom correspondence and reprint requests should be ad-
ressed at Department of Medicine, 545 Barnhill Drive, Indianapolis, IN
6202.
35the cell membrane to produce an insoluble, durable
cornified cell envelope structure (Rice and Green,
1977; Steven and Steinert, 1994). Cornified cell enve-
lope assembly is initiated in the granular cell layer
(Jarnik et al., 1998). As the cells progress into the
stratum corneum, they normally flatten, elongate, and
undergo nuclear dissolution. These cornified cells pro-
vide a barrier against water loss and mechanical dam-
age and act as a first line of immunologic defense.
Desquamated cornified cells (DCCs) make physical
contact with the outside environment. HPV virions
must exit the DCCs to infect a new host. Release of
HPV from keratinocytes requires the cornified cell en-
velope, a normally very durable structure, to break
apart, allowing the contents of the cell to be liberated.
We previously showed that cornified cell envelopes
derived from HPV 11-infected differentiated keratino-
cytes are morphologically abnormal and are thinner
and more fragile than cell envelopes derived from
healthy epithelium (Brown and Bryan, 2000). In the
current study, DCCs from HPV 11-infected genital ep-
ithelium were used to investigate the mechanisms of
viral transmission. First, HPV 11-infected tissue was
examined by transmission electron microscopy (EM)
for virions contained within differentiated cells and
DCCs. The DCCs were then collected and used in an
infectivity assay to demonstrate that they can serve as
a vehicle for HPV 11 transmission.
0042-6822/01 $35.00
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36 BRYAN AND BROWNRESULTS
haracterization of HPV 11-infected tissue
The xenograft used to isolate DCCs was analyzed for
istologic evidence of HPV 11 infection. Histologic fea-
ures of HPV 11 infection were present in this tissue,
ncluding acanthosis (epithelial thickening), koilocytosis,
nd parakeratosis (retention of nuclei in the desqua-
ated tissue layers) (Fig. 1A). HPV 11 DNA was detected
y in situ hybridization as seen by blue staining of koilo-
yte nuclei in the differentiated cell layers (Figs. 1B and
D). Immunohistochemical analysis to detect L1 protein
evealed staining of koilocyte nuclei (Figs. 1C and 1E).
HPV 11 DNA was also detected in the desquamated
ells, both in retained nuclei and at the cell periphery of
hose cells that had undergone nuclear dissolution (ar-
owhead and arrow, respectively, Figs. 1B and 1D). Like-
ise, L1 staining was detected in the desquamated
ells. Retained nuclei were L1-positive, as were the pe-
iphery of numerous cells that had undergone nuclear
issolution (arrowhead and arrow, respectively, Figs. 1C
FIG. 1. Analysis of HPV 11-infected human foreskin xenograft tissue
and D) DNA in situ hybridization for HPV 11. Original magnifications, 1
Original magnifications, 1003 and 4003, respectively. Small arrows ind
indicate peripheral cell staining distribution within the desquamated cnd 1E).
EM of HPV 11-infected tissue revealed the presence of
v
w55-nm HPV 11 virions. Virions were identified in the
uclei of koilocytes (Fig. 2). Many DCCs within the stra-
um corneum were found to be in the early stages of
uclear dissolution. In HPV 11-infected cells, virions
ere seen both in proximity to residual nuclear material
nd in the cytoplasm (Fig. 3). Virions were also detected
n the cytoplasm of flattened, elongated DCCs that had
ndergone complete nuclear dissolution (Fig. 4). Rarely,
irions were identified outside of DCCs (Fig. 4).
umber of virions per DCC
To estimate the average number of virions present in
CCs, a PCR/reverse blot strip assay was performed
sing DNA from purified virus and from DCCs derived
rom HPV 11-infected tissue (Gravitt et al., 2000). DCCs
from the inner core of a recovered HPV 11-infected xeno-
graft were collected (Figs. 5A and 5B). The hybridization
signal strength generated from the amplified DNA of
3.2 3 103 DCCs was approximately equal to that gener-
ted from the amplified DNA of 3.125 3 105 purified
matoxylin and eosin stained section. Original magnification, 1003. (B
d 4003, respectively. (C and E) Immunohistochemistry for L1 protein.
e basal cell layer. Arrowheads indicate nuclear staining. Large arrows. (A) He
003 an
icate thirions (data not shown). Therefore, on average, there
ere approximately 100 virions per DCC. However, as
h
t
A n and e
003.
37TRANSMISSION OF HPV BY DESQUAMATED CORNIFIED CELLSshown in the EM of Fig. 4, the number of virions varied
considerably from one DCC to the next.
DCCs serve as vehicles for HPV 11 infection
The purified DCCs appeared irregular in shape, con-
taining large granules and occasionally an intact nucleus
(Fig. 5C). There was little to no evidence of cellular or cell
envelope debris, suggesting that DCCs remained intact
through the purification procedure. The DCC preparation
was divided, and one portion was ruptured by sonication.
The ruptured desquamated cells appeared as bits of cell
envelope debris of varying size and shape (Fig. 5D).
Xenografts from the infectivity experiment were recov-
ered 10 weeks after implantation and analyzed for evi-
dence of HPV infection. The criteria used to determine
HPV 11 infection were histologically consistent with HPV
infection (evidence of acanthosis, parakeratosis, and
koilocytosis) and the presence of HPV 11 DNA detected
by in situ hybridization (Fig. 6). Implants meeting the
istologic criteria for HPV 11 infection had 100% correla-
ion with detection of HPV 11 DNA by in situ hybridiza-
FIG. 6. Analysis of athymic mouse xenograft for evidence of HPV 11
djacent sections of HPV 11-infected xenograft. (A and C) Hematoxyli
Arrows indicate the basal layer of epithelium. Original magnification, 1tion. The percentage of HPV 11-positive xenografts dif-
fered depending on the HPV source used: 28.5% using“wash,” 62.5% using intact DCCs, 90% using ruptured
DCCs, and 100% for cesium chloride gradient-purified
HPV 11 virions (Fig. 7).
DISCUSSION
Epidemiologic studies show that genital tract HPV
infection is transmitted by sexual contact (Koutsky, 1997).
However, little is known about the basic mechanisms of
HPV transmission. Unanswered questions include the
number of virions needed for transmission of natural
infection, how virions are delivered from person to per-
son; how virions escape the cornified cell envelope; and
how virions enter the basal keratinocytes of the new
host. Infection would potentially be more efficient if viri-
ons were delivered to a new host in a concentrated
package. By EM, HPV 11 virions were detected both in
DCC nuclei and in DCCs that had undergone nuclear
dissolution. Only rarely were virions seen outside of
cells.
In the infectivity assay the DCC-free wash preparation
yielded the lowest infection rate, suggesting that free
on. (A and B) Adjacent sections of an uninfected xenograft. (C and D)
osin stained section. (B and D) DNA in situ hybridization for HPV 11.infectivirus was not as important as were virions packaged
within DCCs. We believe the infectivity attained with the
ted tiss
p d nucle
m
t
c
38 BRYAN AND BROWNwash preparation was due, in part, to release of virus
FIG. 2. Electron micrograph of differentiated cells from HPV 11-infec
resent within the nuclear material (see arrow and inset). The cell an
agnification, 82503. The bar within the inset represents 100 nm.during handling in the purification process. DCCs are
durable structures, as we have previously observed, re-
issue. Virions were seen both in proximity to residual nuclear material and in
ell. Original magnification, 71,2503.maining intact for greater than 3 months when stored in
ue. Koilocyte containing vacuoles and enlarged nucleus. Virions were
ar membranes are indicated by “cm” and “nm,” respectively. OriginalKGM at 4°C (our unpublished observations). Therefore, it
is unlikely that incubation of DCCs in wash solutionFIG. 3. Electron micrograph of a DCC undergoing nuclear dissolution. This cell was located just above the stratum granulosum in HPV 11-infected
the cytoplasm. Arrows indicate virions in various locations within the
w d inset). Original magnification, 82503. The bar within the inset represents
39TRANSMISSION OF HPV BY DESQUAMATED CORNIFIED CELLSwould have led to increased infectivity in the absence of
further manipulation.
Our previous studies have shown that mock infection
in the athymic mouse xenograft system produces histo-
logically normal epithelium with no evidence of HPV DNA
(Brown et al., 1988). In the athymic mouse xenograft
system, a large number of purified virions are required to
establish HPV infection in a high percentage of implants
(Bryan et al., 1997). It is unlikely that such large numbers
of free virions are present in natural infection. Other
studies have described virions within koilocyte nuclei or
in anuclear cells, but rarely have free virions been ob-
served (Almeida et al., 1962; Hills and Laverty, 1979;
Morin and Meisels, 1980; Syrjanen et al., 1985).
Delivery of virions by DCCs could impact on protective
immunity against HPV infection. Antibodies against HPV
are likely to be distributed evenly in low titer throughout
the epithelium and genital secretions. To neutralize a
large bolus of virions, such as may be delivered by a
virion-filled DCC, a high concentration of antibody may
be required. Further studies are under way to determine
whether small amounts of antibodies against HPV 11 can
prevent infection using virion-filled DCCs as inoculum.
Based on this and our previous studies describing
abnormalities of cornified cell envelopes derived from
HPV 11-infected genital epithelium, we propose a model
FIG. 4. Electron micrograph of desquamated cells from HPV 11-infec
ere present throughout the flattened, elongated cells (see arrow an
100 nm.ted tissue, illustrating DCCs that have undergone nuclear dissolution. Virionsfor transmission of infection. First, HPV 11-infected cells
in the stratum granulosum begin production of the cor-FIG. 5. Preparation and isolation of DCCs. Hematoxylin and eosin
stained HPV 11-infected xenograft tissue. (A) Cross section of complete
tissue including desquamated cornified cells. (B) Cross section of
tissue after the DCCs were collected for the infectivity assay. Phase-
contrast microscopy of isolated DCCs from HPV 11-infected xenograft
tissue. (C) Intact DCCs. (D) DCCs ruptured by sonication. Original
magnification (A and B) 403, (C and D) 4003.
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40 BRYAN AND BROWNnified cell envelope, which is abnormally fragile due to
yet unknown effects of infection. Virion assembly begins
in these same cells. In the stratum corneum, virion-filled
DCCs are shed into the environment. The nuclei of these
DCCs are often retained but in the process of dissolu-
tion. During sexual activity, desquamated cells are de-
posited on the epithelial surfaces of the sex partner. The
mechanical stress of the sexual activity may break open
some of the DCCs, while others may remain damaged
but otherwise relatively intact. As virions are released
from the DCCs, a focal, high multiplicity of infection
occurs due to the concentrated release on a small area
of genital epithelium.
In summary, cornified, desquamated keratinocytes de-
rived from HPV 11-infected genital tissue contain virions
in the absence of nuclei. These virion-filled DCCs can
serve as an efficient, infective source of HPV in the
athymic mouse xenograft assay. Whether natural HPV
infection involves virion transmission via the cornified
cell remains to be determined. In addition, the relative
contribution of DCC-packaged virions to “free virions” in
natural HPV 11 infection is not yet known.
MATERIALS AND METHODS
Characterization of HPV 11-infected tissue
Human foreskin tissue was infected with HPV 11 and
grown as a xenograft under the renal capsule of an
athymic mouse as previously described (Brown et al.,
1995; Kreider et al., 1987). After 5 months the xenograft
FIG. 7. Graph showing the percentage of HPV 11-positive implants i
an HPV 11-infected xenograft were collected and washed in KGM. A p
used as a soluble cell-free source of HPV 11 in the infectivity assay. Int
infectivity assay. As a positive control, cesium chloride gradient-purifiewas recovered and paraffin-embedded sections were
prepared. One section was examined for tissue histol-
o
Hogy. Additional sections were used in DNA in situ hybrid-
ization and immunohistochemical assays. DNA in situ
ybridization to detect HPV 11 DNA was performed using
he PathoGene Human Papillomavirus In Situ Typing
Assay (Enzo Diagnostics, Inc., Farmingdale, NY). An HPV
11-biotinylated genomic probe was used, and the hybrid-
ized probe was detected by incubation with a strepta-
vidin–alkaline phosphatase conjugate and reacting with
5-bromo-4-chloro-3-indolyl phosphate/nitro-blue tetrazo-
lium substrate. Cells positive for HPV 11 DNA were
identified by light microscopy as blue nuclear staining of
differentiated keratinocytes.
Immunohistochemistry was performed on deparaf-
finized sections using a rabbit polyclonal antiserum
raised against a bacterially expressed HPV 11 trpE/L1
fusion protein to detect L1 protein, as previously de-
scribed (Brown et al., 1994). Antibody binding was de-
ected using the Vectastain ABC kit (Burlingame, CA) and
1-positive cells were identified by DAB (brown) staining
f differentiated keratinocytes.
An additional portion of the HPV 11-infected xenograft
as fixed in 3% glutaraldehyde, embedded, and sec-
ioned. Thin sections were stained with uranyl acetate
nd examined using a CM 10 Philips transmission elec-
ron microscope to identify virions in differentiated kera-
inocytes, in DCCs, or outside of cells.
PV 11 infectivity assay
The athymic mouse xenograft system was used to
ompare HPV 11 infectivity using three different sources
thymic mouse xenograft infectivity assay. DCCs from the inner core of
of the isolated DCCs was then ruptured by sonication. The wash was
ruptured DCCs were used as two additional sources of HPV 11 in the
11 virions were used.n the a
ortionf HPV 11 virions derived from DCCs. The sources of
PV 11 were derived from the same HPV 11-infected
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41TRANSMISSION OF HPV BY DESQUAMATED CORNIFIED CELLSxenograft as portions were isolated and saved during
sequential steps in the purification procedure. A newly
recovered xenograft of HPV 11-infected epithelial tissue
was cut in half with a sterile scalpel. The xenograft inner
core, composed of DCCs, was teased out with forceps
and suspended in 5 ml of keratinocyte growth medium
(Life Technologies, Gibco BRL) plus 0.1 mM calcium
chloride (KGM). The number of DCCs per milliliter was
determined by counting intact DCCs using a hemacytom-
eter and viewing by phase-contrast microscopy at 1003
agnification. One milliliter of DCC suspension was
arefully washed three times in KGM. The wash solution
referred to as “wash”) was collected and used as the
ell-free source of HPV in the infectivity assay.
After the wash step, DCCs were resuspended in 1 ml
f KGM. The DCC suspension was then divided between
wo tubes. One was reserved as a source of HPV for the
nfectivity assay (“intact DCCs”). The remaining cells
ere subjected to rupture by sonication using a Fisher
odel 300 Sonic Dismembrator at 50% maximum output.
CCs were ruptured to determine whether infectivity
ould increase as virions were released. This was an
ttempt to mimic the effect of mechanical stress, such as
ay occur during sexual activity, on HPV infectivity.
hase-contrast microscopy pre- and postsonication was
erformed to confirm at least 75% cell rupture. The sus-
ension of “ruptured DCCs” was used as the third source
f HPV in the infectivity assay. The wash, intact DCCs,
nd ruptured DCCs were each tested for the ability to
ransmit HPV 11 infection in the athymic mouse xenograft
ystem.
Human foreskin fragments were incubated with one of
he three preparations or, as a positive control for infec-
ivity, cesium chloride gradient-purified HPV 11 virions
Bryan et al., 1997). Three hundred microliters of wash,
ntact DCC, or ruptured DCC suspension were incubated
t 37°C with foreskin fragments. For the positive control,
40 ml of KGM plus 10 ml of purified HPV 11 virions and
alf the number of foreskin fragments was incubated in
n identical manner. After 90 min, the foreskin fragments
ere implanted under the renal capsules of athymic
ice as described by Kreider et al. (1987). Four mice, for
potential of eight xenografts, were used for each of the
hree HPV preparations. Two mice were used for the
ositive infectivity control. Mice were housed for 10
eeks prior to sacrifice and xenograft recovery. The
enografts were placed in zinc-formalin and paraffin sec-
ions prepared. HPV 11 infection was verified by two
riteria: histologic analysis and HPV 11 DNA in situ
ybridization.
umber of virions per DCC
To estimate the average number of virions present in
CCs, a PCR/reverse blot strip assay (Gravitt et al., 2000)
as performed using DNA from purified virus and fromCCs derived from HPV 11-infected tissue. DNA was
xtracted in a total volume of 1 ml from 50 ml of cesium
hloride gradient-purified HPV 11 virions and 500 ml of
DCCs by incubation in 0.1% SDS and 10 mM EDTA with
56 mg/ml Proteinase K at 56°C for 16 h. DNA was purified
rom 200 ml of each crude DNA extract using the High
ure Viral Nucleic Acid Kit (Roche Molecular Biochemi-
als, Indianapolis, IN). The cesium chloride gradient-
urified HPV 11 virion preparation contains 1 ng/ml of
viral protein, corresponding to approximately 107 virions
er microliter (Bryan et al., 1997). Dilutions of HPV 11
irion DNA corresponding to 3.125 3 106, 3.125 3 105,
3.125 3 104, and 3.125 3 103 virions were then used as
emplate in the PCR/reverse blot strip assay. A fraction of
he DNA purified from the DCCs, corresponding to ap-
roximately 3.2 3 103 DCCs, was also used in the PCR/
everse blot strip assay. The hybridization signal
trengths generated by these two DNA preparations
ere compared and the number of HPV 11 virions/DCC
as estimated (Brown et al., 1999).
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